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ABSTRACT. The effects of infection with Streptococcus pneu-
moniae, Francisella tularensis, and Venezuelan equine enceph-
alitis virus as well as inflammatory stress induced by the admin-
istration of turpentine and endotoxin on plasma ketone bodies
and insulin were studied in white rats. All of the infectious/
inflammatory stresses caused a significant decrease in the keto-
nemia of fasting and an elevation of plasma insulin. When a

pneumococcal infection was initiated in a diabetic rat, inhibition
of fasting ketonemia did not occur. Similarly, pneumococcal
infection in the hypophysectomized rat did not result in a no-
ticeable depression of either fasting ketonemia or plasma FFA.
The increase in circulating insulin appears to be closely corre-
lated with the inhibition of fasting ketonemia noted in the
infectious/inflammatory stress. (Endocrinology 107: 596, 1960)

HEN induced experimentally in fasted rats, in-

flammatory processes of many different causes are
accompanied by an inhibition of the ketonemia associ-
ated with fasting and a depression in the concentration
of plasma FFA (1-6).

An increase in plasma insulin and glucagon values
during these diseased states has been noted in man and
experimental animals by many investigators (3, 4, 7-13).
The inhibition of ketonemia noted during infection in
man has been hypothesized to be secondary to an insulin-
induced decrease in the mobilization of FFA from adipose
tissue (11). However, preliminary data from this labora-
tory suggest that the rate of hepatic ketogenesis is dimin-
ished during inflammatory/infectious states despite the
availability of excess exogenous FFA supplied to the liver
(14). Since many tissues, principally skeletal and cardiac
muscle and brain, are able to use ketone bodies as a
source of energy (15, 16), a decrease in the availability of
circulating ketone bodies increases the dependence on
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other sources of energy when cellular metabolism is
accelerated during periods of fever. This need is met
principally by gluconeogenesis employing amino acids
derived from protein of skeletal muscle and other periph-
eral body tissues. As a result, a large or generalized
inflammatory process is also characterized by an in-
creased loss of body nitrogen. It appears that the infected
host is not able to use some of the major mechanisms
normally called into play during fasting to conserve body
protein (17-19).

This paper presents data which indicate that the in-
hibition of the fasting ketonemia which accompanies
infection/inflammation may be modulated by endocrine
responses. The new data support the importance of in-
sulin as a key antiketonemic factor during infection/
inflammation; the insulin response may, in turn, be influ-
enced by the hypophysis.

Materials and Methods

Animals used were male or female rats (Fisher-Dunning, F-
344/Mai f, Microbiological Associates, Walkersville, MD),
weighing 160-200 g. Rats were maintained on a commercial diet
(Wayne Lab-Blox, Allied Mills, Inc,, Chicago, IL) until the
beginning of an experiment and were housed in rooms main-
tained at 23 + 1 C,

For other studies, hypophysectomized male rats (Charles
River Breeding Laboratories, Wilmington, MA), weighing 100-
150 g, were maintained for 2 weeks in the environment described
above until it was ascertained that there was no weight gain.
Adrenalectomized rats (Charles River Breeding Laboratories),
weighing 100-150 g, were maintained with physiological saline. 4
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Appropriate normal control and thyroidectomized rats (150-
160 g) were also obtained from Charles River. These animals
were used within 3 weeks of arrival.

Inflammatory models

Rats were inoculated sc with 10* virulent, colony-forming
units (CFU) of Streptococcus pneumoniae 1a5 in the nape of
the neck (1). Other groups of rats were injected ip with 10" CFU
Francisella tularensis, live vaccine strain (USAMRIID strain)
(20). Another group of rats was sc given 10*° plaque-forming
units (PFU) of the V-198 strain of a rat virulent Venezuelan
equine encephalitis (VEE) (2). Controls for these groups re-
ceived an equal number of heat-killed bacteria or virus.

In still other groups, sterile inflammatory abscesses were
produced by sc inoculation with 1 ml turpentine (Phipps Pro-
duction Corp., Boston, MA) into the nape of the neck. Another
streas was induced by the ip injection of 1.0 mg (1 ml) endotoxin,
lipopolysaccharide W, Escherichia coli 01271 BS (Difco Labo-
ratories, Detroit, MI) diluted in physiological saline. Controls
for the latter two groups were given 1 ml physiological saline
by the same respective routes. In most experiments, food was
withheld from rats for 24 h before inoculation and thereafter.
In all experiments, a sufficient number of rats was inoculated
80 that a minimum of six rats could be killed at each experi-
mental time point. The response to the infectious or inflam-
matory stress was characterized by a rise in rectal temperature
and a depression of plasma zinc (21).

Blood was obtained from anesthetized rats (halothane cham-
ber) by opening the chest cavity, cutting the vena cava, and
collecting blood in heparinized tubes for the preparation of
plasma.

Diabetic rats

Rats were made diabetic by the iv injection via the penile
vein of 0.1 ml streptozotocin (Sigma Chemical Co., St. Louis,
MO) at a dosage of 100 mg/kg. Rats were lightly anesthetized
with halothane during the administration of the streptozotocin.
Control rats received injections of equal volumes of sterile
saline. For the first 24 h after the administration of streptozo-
tocin, the rats were maintained on 5% glucose in their drinking
water.

After 24 h, rats which had received the streptozotocin dem-
onstrated significant ketonemia and high blood glucose values
(500-600 mg/dl). The 5% dietary glucose was then replaced
with water and 2 U insulin (Isophane Insulin Suspension, USP,
zinc insulin crystals, Eli Lilly Co., Indianapolis, IN) were ad-
ministered im. This amount of insulin caused a reduction in the
values of plasma ketone bodies and glucose and was maintained
until plasma ketone concentration increased again. The rats
were subsequently given 3-5 U/day to stabilize the plasma
ketone concentration between 1-3 umol/ml. Half of the diabetic
rats were then infected with 10° S. pneumoniae, and half
received an equal quantity of heat-killed bacteria sc. All food
was removed, and insulin therapy was discontinued. After 24 h,
half of the infected diabetic group and half of the diabetic
control group were given 2 U insulin im.

Assay procedures

Published procedures were used for the determination of
ketone bodies (22), FFA (23}, zinc (21), insulin (8), and glucagon
(24). Insulin to glucagon molar ratios were calculated as de-
scribed by Muller et al. (25).

Statistical tests
Significance of group means was determined by Student’s ¢
test. Stressed rats in each study were compared to their appro-

priate control group at each selected time interval. Data are
presented as the mean + sEM for at least six rats per group.

Results

A study was initiated to determine whether the unex-
pected decrease in the plasma values of ketone bodies
during the anorexia accompanying inflammatory stress
was regulated by endocrine effects. An infectious stress,
i.e. 10' S. pneumoniae, was administered to normal,
thyroidectomized, and adrenalectomized rats. As shown
in Fig. 1, the depression of fasting ketosis was equivalent
in all groups, indicating that the thyroid, the adrenal
medulla, and the adrenal cortex were not directly in-
volved in this response to inflammatory stress. When this
infection was studied in female rats, the suppressed ke-
togenic response was virtually identical to that seen in
male rats (data not shown).

A detailed series of infectious and inflammatory

M MOLES/mI
1.00 2.00 3.00
1 i -

[]

(=
NORMAL FED RATS §‘ *
NORMAL FASTED RATS

. ‘

e M
THYROIDECTOMIZED FASTED RATS .'
as W)

48-H FASTED-INFECTED RATS
€10* §. ENEUMONIAE. 8C)

48-H FASTED-INFEGTED RATS
ITHYROIDECTOMIZED, A
10 §. PNEUMONIAE. 8C)

ADAENALECTOMIZED FASTED RATS
.0 W)

40-M FASTRD-INFECTED RATS
(ADAENALECTOMIZRD. »
10° §. ENEUMONIAR: SC)

Frc. 1. Effect of fasting and fasting plus infection with S. paeumonioe
on ketone body production in normal, adrenalectomised, and thyroid-
ectomiszed rats 48 h post inoculation (P = 0.01).
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stresses was imposed on rats to determine whether the INSULIN, uU/mi

obeerved depression in plasma ketones during pneumo- 0 10 20 30 40

coccal infection was typical of inflammatory stress in
general. In all studies (Fig. 2) there was a significant
depression in plasma ketone bodies. The same stresses
were also accompanied by a marked depression in plasma
FFA (800 £ 50 to 300 + 50 peq/liter). All of the inflam-
matory stresses caused a significant elevation in plasma
insulin concentrations, as shown in Fig. 3. Curnow et al.
(9) showed that infection of rats with S. pneumoniae
caused elevated plasma glucagon values. All of the
stresses which we applied to rats also caused plasma
glucagon concentrations to increase from 300 + 50 to
1500 = 150 pg/ml.

To study further the role of insulin in the observed
depression of plasma ketone bodies during inflammatory
stress, infection with S. pneumoniae was imposed on rats
previously made diabetic by the administration of strep-
tozotocin (Fig. 4). When insulin therapy was discontinued
in diabetic rats, this infection did not cause marked
ketone body depression. Moreover, if a therapeutic dose
of insulin was administered to ketotic infected rats or
noninfected diabetic rats, ketosis was significantly re-
duced. Concentrations of plasma FFA in the diabetic rats
responded in a fashion similar to that observed for ketone
bodies, i.e. they increased in the absence of insulin and
decreased after insulin.

When fasted hypophysectomized rats were infected
with S. pneumoniae, there was no depression in either
plasma ketone bodies or FFA (Figs. 5 and 6). Moreover,
the infected hypophysectomized rat did not demonstrate
detectable increases in plasma insulin (Fig. 7). In most
instances, the concentration of insulin in the plasma of
both infected and noninfected fasted hypophysectomized
rats was below the limit of the assay system employed,
i.e. less than 4 pU/ml. As shown in Fig. 7, plasma insulin
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Fic. 2. Effect of infectious and inflammatory stress on plasma ketone
body concentrations 48 h post inoculation.
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Fic. 3. Effect of infections and inflammatory stress on plasma insulin
concentrations. The times indicated are the points of maximal insulin
elevation post inoculation.

was elevated in response to the infection in the controls
for the hypophysectomized rat study.

Discussion

A wide variety of metabolic changes occurs in a host
animal subjected to infectious and/or inflammatory
stress (17). Important questions remain as to how an
interaction of hormonal regulatory mechanisms may in-
fluence these changes. Although anorexia is common to
severe generalized and inflammatory states, the hor-
monal and metabolic responses differ from those seen in
simple starvation. Uncomplicated brief starvation is
characterized by increased plasma ketone and FFA con-
centrations, an increased FFA to albumin ratio, de-
creased plasma insulin concentrations, and decreased
insulin to glucagon ratio. In contrast, when infection/
inflammation occurs in the rat host experiencing brief
starvation, there are markedly different endocrine and
metabolic responses. For example, plasma ketone and
FFA values decline, but a decline in plasma concentra-
tions causes the FFA to albumin ratio to remain at
fasting values; concomitantly, insulin values increase
moderately and glucagon values increase markedly, with
a resuitant decrease in the molar insulin to glucagon ratio
from 1.90 to 0.50 compared to that in the noninfected fed
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MOURS OF PASTING
Fic. 5. Effect of S. pneumoniae infection (10° CFU/rat and 10* heat-
killed organisms) on the concentration of plasma ketone bodies in
hypophysectomized and normal rats.

rat (26).

In rats with experimentally induced diabetic ketosis
there are marked increases in plasma ketone and FFA
concentrations, with a depressed insulin to glucagon ra-
tio. These changes are not appreciably altered when

HOURS OF FASTWG
Fi0. 6. Effect of S. pneumoniae infection (10° CFU/rat and 10* heat-
kifled organisms) on the concentration of plasma FFA in hypophysec-
tomized and normal rats.

infection is induced in an untreated diabetic rat. In
several experiments, no appreciable variations in ketone
bodies were noted during infection. Since the animals
were so demonstrably ketotic, we did not consider a P
value greater than 0.01 to be relevant; indeed, in other
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304 effects of insulin and glucagon has been demonstrated by
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Fic. 7. Effect of S. pneumoniae infection [10' CFU/rat (@) and 10
heat-killed organisms (O)] on the level of plasma insulin in the hypo-
physectomized (A) and normal rats. The level of insulin in the fasted
infected or uninfected hypophysectomized rats was below detectable
limits (— - —).

experiments the P value was much greater than 0.05.
Similarly, when hypophysectomized rats developed
pneumococcal sepsis, they maintained a degree of star-
vation ketonemia similar to that observed in noninfected
hypophysectomized rats. The absence of thyroid and
adrenal glands had no detectable effect on the infection-
related inhibition of starvation-induced ketonemia. The
effect of infection in female rats was similar to that in
males. Thus, thyroid, adrenal, or gonadal hormones do
not appear to be responsible for the reduced ketosis
during pneumococcal sepsis in the rat. However, the
plasma concentration of insulin in the fasted infected or
noninfected hypophysectomized rat was below the de-
tectable level for the procedure employed. Further, pneu-
mococcal sepsis in the diabetic rat did not result in
inhibition of starvation-induced ketonemia. Thus, it has
been hypothesized that the increased release of insulin
during infection/inflammation could play a role in in-
hibiting starvation-induced ketonemia.

Recent data (27) have indicated that during caloric
deprivation associated with severe sepsis, the general
failure of ketonemic adaptation to starvation is the result
of a reduced ketogenic capacity of the liver. Further, the
decrease in plasma FFA content is associated with the
reduced albumin content, so that the hepatic supply of
FFA may not have been altered (28). Although the exact
stimulus for activation of hepatic ketogenesis has not
been elucidated, McGarry et al. (29) have shown that the
in vivo injection of antiinsulin serum or glucagon rapidly
increases the ketogenic capacity of the liver in the fed
rat. This has led to the theory that hepatic ketogenesis
is under bihormonal control, with glucagon being stimu-
latory and insulin inhibitory. Antagonism between the
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Mackrell and Sokal (26). However, in a fasted rat, a
direct inhibitory effect of insulin on the hepatic ketogenic
capacity could not be demonstrated in vitro. This obser-
vation suggests an indirect role of insulin in inhibiting
hepatic ketogenic capacity.'

During pneumococcal sepsis in the rat, both portal
venous and inferior vena caval concentrations of immu-
noreactive glucagon and insulin are increased very early
in infection, with a significant reduction in the insulin to
glucagon ratio (30). Similar increases in plasma glucagon
and insulin and decreases in the insulin to glucagon molar
ratio have been observed during bacterial and viral infec-
tions in humans (31, 32) and monkeys (12). From this
profile of glucagon and insulin, the ketogenic capacity of
liver should be theoretically increased in the infected
host. Instead, a decrease has been observed. At the
present time, it can only be hypothesized that the in-
creased plasma insulin concentration observed during
infection/inflammation plays an indirect role in inhibit-
ing hepatic ketogenic capacity by an as yet unresolved
mechanism.

A number of investigators (32-38) have suggested that
both neural and hormonal factors from the region of the
hypophysis are involved in the stimulation of insulin and
glucagon release from the pancreas. Our data do not yet
allow the postulation of a mechanism to fully explain the
factors governing the decrease in ketones accompanying
an inflammatory stress. The lack of this response in
hypophysectomized animals suggests that the inflam-
matory response causes the hypophysis, in an as yet
unexplained manner, to affect the endocrine pancreas.
The data do suggest an indirect role of insulin in the
inhibition of starvation-induced ketosis during infection/
inflammation in the rat.

Acknowledgments

The authors wish to acknowledge the devoted and expert technical
assistance of Mr. Ricky Shatraw, Mr. Roger Calvert, Miss Karen
Bostian, Mr. Edward Hauer, Mr. Dennis Jackson, and Mr. Bradley
Vaughn. The authors also thank Mrs. Rebecca Arnold for her skilled
secretarial work and Dr. Philip Sobocinski and Mrs. Phebe W. Summers
for their valued editorial assistance.

References

1. Neufeld HA, Pace JA, White FE 1976 The effect of bacterial
infections on ketone concentrations in rat liver and blood and on
free acid concentrations in rat blood. Metabolism 25:877

2. Neufeld HA, Powanda MC, DePaoli A, Pace JA, Jahrlmc PB 1978
Host metabolic alterations during Venezuelan equine encephalitis
in the rat. J Lab Clin Med 91:255

3. Neufeld HA, Kaminski Jr MV, Wannemacher Jr RW 1977 Effect
of inflammatory and noninflammatory stress on ketone bodies and

! In unpublished experiments, it has been demonstrated that perfu-
sion of insulin has no effect on the ketogenic capacity of the isolated
rat liver (Pace, J. G., personal communication).

e e




e ety S, v

:

TR NS daeiihe b st W - ic. Y

ENDOCRINE MEDIATED DEPRESSION OF KETONE BODIES 601

free fatty acids in rats. Am J Clin Nutr 30:1357

. Kaminski Jr MF, Neufeld HA, Pace JG 1979 Effect of inflammatory

and noninflammatory stress on plasma ketone bodiss and free acids
and on insulin in peripheral and portal blood. Inflammation 3:289

. O'Donnell Jr TF, Clowes Jr GHA, Blackburn GL, Ryan NT,

Benotti PN, Miller JDB 1976 Proetolysis associated with a deficit
of peripheral energy fuel substrates in septic man. Surgery 80:192

6. Bistrian BR, Blackburn GL, Scrimshaw NS 1975 Effect of mild

7

infectious illnees on nitrogen metabolism in patients on a modified
fast. Am J Clin Nutr 28:1044

Shambaugh 111 GE, Beisel WR 1967 Insulin response during tular.
emia in man. Diabetes 16:369

8. George DT, Abeles FB, Mapes CA, Sobocinski PZ, Zenser TV,

10.

11

Powanda MC 1977 Effect of leukocytic endogenous mediators on
endocrine pancreas secretory responses. Am J Physiol 233:E240

. Curnow RT, Rayfield EJ, George DT, Zenser TV, DeRubertis FR

1976 Altered hepatic glycogen metabolism and glucoregulatory
hormones during sepsis. Am J Physiol 230:1296

Blackard WG, Anderson Jr JH, Spitzer JJ 1976 Hyperinsulinism in
endotoxin shock dogs. Metabolism 25:675

Ryan NT, Blackburn GL, Clowes Jr GHA 1974 Differential tissue
sensitivity to elevated endogenous insulin levels during experimen-
tal peritonitis in rats. Metabolism 23:1081

12. George DT, Rayfield EJ, Wannemacher Jr RW 1974 Altered gu-

13.

14.

15.
16.
17.
18.
19.

21.

coregulatory hormones during acute pneumococcal sepsis in the
rhesus monkey. Diabetes 23:544

Rayfield EJ, Curnow RT, Reinhard D, Kochicheril NM 1977 Effects
of acute endotoxemia on glucoregulation in normal and diabetic
subjects. J Clin Endocrinol Metab 45:513

Pace JA, Beall FA, Neufeld HA, Wannemacher Jr RW 1977 Alter-
ation in carnitine (Car) acylation states in S. preumoniae infected
(INF) rats. Fed Proc 36:788

Krebs HA 1972 Some aspects of the regulation of fuel supply in
omnivorous animals. Adv Enzyme Regul 10:397 v
Cahill Jr GF, Owen OE, Morgan AP 1967 The consumption of fuels
during prolonged starvation. Adv Enzyme Regul 6:143

Beisel WR 1977 Magnitude of the host nutritional responses to
infection. Am J Clin Nutr 30:1236

Beisel WR 1975 Metabolic response to infection. Annu Rev Med
26:9

Wannemacher Jr RW, Beisel WR 1977 Metabolic response of the
host to infectious disease. In: Richards J. R, J. M. Kinney (ed)
Nutritional Aspects of Care in the Critically Ill. Churchill-Living-
stone, Edinburgh, p 135

. Powanda MC, Dinterman RE, Wannemacher Jr RW, Herbrandson

GP 1974 Distribution and metabolism of phenylalanine and tyrosine
during tularsemia in the rat. Biochem J 144:173
Pekarek RW, Beisel WR, Bartelloni PJ, Bostian KA 1972 Deter-

31

32,

37

mination of serum zinc concentrations in normal adult subjects by
atomic absorption spectrophotometry. Am J Clin Pathol 57:506

. McGarry JD, Guest MJ, Foster DW 1970 Ketone body metabolism

in the ketosis of starvation and alloxan disbetes. J Biol Chem 245:
4382

. Dalton C, Kowalski C 1967 Automated colorimetric determination

of free fatty acids in biologic fluids. Clin Chem 13:744

. Ohneda A, Aguilar-Parada E, Eisentraut AM, Unger RH 1969

Control of pancreatic glucagon secretion by glucose. Diabetes 18:1

. Muller WA, Faloona GR, Unger RH 1971 The influence of the
-antecedent diet upon glucagon and insulin secretion. N Engl J Med

285:1450

. Mackrell DJ, Sokal JE 1969 Antagonism between the effects of
27,

insulin and glucagon on the isolated liver. Diabetes 18:724

Pace JG, Beall FA, Foulke MD, Neufeld HA, Wannemacher Jr RW
1978 Regulation of fatty acid utilization in isolated perfused livers
froll: Streptococcus pneumoniae infected rats. Clin Res 26:627A
(Abstract)

. Wannemacher Jr RW, Pace JG, Beall FA, Dinterman RE, Petrella

VJ, Neufeld HA 1979 Role of the liver in regulation of ketone body
production during sepsis. J Clin Invest 64:1565

. McGarry JD, Wright PH, Foster DW 1975 Hormonal control of

ketogenesis. Rapid activation of hepatic ketogenic capacity in fed
rats by anti-insulin serum and glucagon. J Clin Invest 55:1202

. Zenser TV, DeRubertis FR, George DT, Rayfieid EJ 1974 Infection-

induced hyperglucagonemia and altered hepatic response to glu-
cagon in the rat. Am J Physiol 227:1299

Rocha DM, Santeusanio F, Faloona GR, Unger RH 1973 Abnormal
pancreatic alpha-cell function in bacterial infections. N Engl J Med
288:700

Rayfield EJ, Curnow RT, George DT, Beisel WR 1973 Impaired
carbohydrate metabolism during a mild viral illness. N Engl J Med
289:618

. Hill DE, Mayes S, DiBattista D, Lockhart-Ewart R, Martin JM

1977 Hypothalamic regulation of insulin release in rhesus monkeys.
Diabetes 26:726

. Findlay DM, Omond S, Alford FP, Chisholm DJ 1979 Hypergly-

cemia and glucagon suppression: possible importance of the vagus
and enteric humoral factors. J Clin Endocrinol Metab 48:13

. Steffens AB, Mogenson GV, Stevenson JAF 1972 Blood glucose,

insulin, and free fatty acids after stimulation and lesions of the
hypothalamus. Am J Physiol 222:1446

. Frohman LA, Bernardis LL, Stachura ME 1974 Factors modifyving

plasma insulin and glucose responses to ventromedial hypothalamic
stimulation. Metabolism 23:1047
Curry DL, Joy RM 1974 Direct CNS modulation of insulin secre-
tion. Endocr Res Commun 1:229

. Porte Jr D 1969 Sympathetic regulation of insulin secretion. Its

relation to diabetes mellitus. Arch Intern Med 123:252

p— e Lo
Aecession For

NTIS GRAZI /

DTIC TAB T

Unannounced T ‘

Justification ___ __

By.
Distribution/

Availability Codes
Avail and/or
Sppalial

N

Disgt






